Contemporary phospholipid-based cell membranes are formidable barriers to the uptake of polar and charged molecules ranging from metal ions to complex nutrients. Modern cells therefore require sophisticated protein channels and pumps to mediate the exchange of molecules with their environment. The strong barrier function of membranes has made it difficult to understand the origin of cellular life and has been thought to preclude a heterotrophic lifestyle for primitive cells. Although nucleotides can cross dimyristoyl phosphatidylcholine membranes through defects formed at the gel-to-liquid transition temperature 1, 2 , phospholipid membranes lack the dynamic properties required for membrane growth. Fatty acids and their corresponding alcohols and glycerol monoesters are attractive candidates for the components of protocell membranes because they are simple amphiphiles that form bilayer membrane vesicles 3-5 that retain encapsulated oligonucleotides 3, 6 and are capable of growth and division 7-9 . Here we show that such membranes allow the passage of charged molecules such as nucleotides, so that activated nucleotides added to the outside of a model protocell spontaneously cross the membrane and take part in efficient template copying in the protocell interior. The permeability properties of prebiotically plausible membranes suggest that primitive protocells could have acquired complex nutrients from their environment in the absence of any macromolecular transport machinery; that is, they could have been obligate heterotrophs.
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Contemporary phospholipid-based cell membranes are formidable barriers to the uptake of polar and charged molecules ranging from metal ions to complex nutrients. Modern cells therefore require sophisticated protein channels and pumps to mediate the exchange of molecules with their environment. The strong barrier function of membranes has made it difficult to understand the origin of cellular life and has been thought to preclude a heterotrophic lifestyle for primitive cells. Although nucleotides can cross dimyristoyl phosphatidylcholine membranes through defects formed at the gel-to-liquid transition temperature 1, 2 , phospholipid membranes lack the dynamic properties required for membrane growth. Fatty acids and their corresponding alcohols and glycerol monoesters are attractive candidates for the components of protocell membranes because they are simple amphiphiles that form bilayer membrane vesicles [3] [4] [5] that retain encapsulated oligonucleotides 3, 6 and are capable of growth and division [7] [8] [9] . Here we show that such membranes allow the passage of charged molecules such as nucleotides, so that activated nucleotides added to the outside of a model protocell spontaneously cross the membrane and take part in efficient template copying in the protocell interior. The permeability properties of prebiotically plausible membranes suggest that primitive protocells could have acquired complex nutrients from their environment in the absence of any macromolecular transport machinery; that is, they could have been obligate heterotrophs.
Previous observations of the slow permeation of UMP across fattyacid-based membranes 6 stimulated us to explore the structural factors that control the permeability of these membranes (Fig. 1) . We examined membrane compositions with varied surface charge density, fluidity, and stability of regions of high local curvature. We began by studying the permeability of ribose, because this sugar is a key building block of the nucleic acid RNA, and because sugar permeability is conveniently measured with a real-time fluorescence readout of vesicle volume after solute addition 10, 11 . We used pure myristoleic acid (C14:1 fatty acid, myristoleate in its ionized form) as a reference composition, because this compound generates robust vesicles that are more permeable to solutes than the more common longer chain oleic acid. Both myristoleyl alcohol and the glycerol monoester of myristoleic acid (monomyristolein, GMM) stabilize myristoleate vesicles to the disruptive effects of divalent cations 3, 6 . Addition of these amphiphiles should decrease the surface charge density of myristoleate vesicles, whereas myristoleyl phosphate should increase the surface charge density. Surprisingly, only the addition of GMM affected ribose permeability, leading to a fourfold increase (Fig. 2a) . This result suggested that surface charge density per se was not a major factor controlling sugar permeability.
We hypothesized that the larger steric bulk of the glycerol-ester head group of GMM relative to the carboxylate of myristoleic acid might increase ribose permeability by stabilizing highly curved surfaces associated with the formation of transient solute-lipid complexes 12 . We therefore examined the effect of the glycerol esters of the longer chain amphiphiles palmitoleic acid (C16:1) and oleic acid (C18:1) on the permeability of pure palmitoleic acid and oleic acid membranes. These molecules, which are progressively less coneshaped than GMM, had an increasingly smaller influence on the permeability of the corresponding pure fatty acid membranes (Fig. 2b) . However, the addition of sorbitan monooleate, which has a larger cyclic 6-carbon sugar head group (thus restoring a more conical shape to this 18-carbon fatty acid), resulted in a fourfold increase in the permeability of oleic acid membranes, consistent with the hypothesis that cone-shaped amphiphiles stabilize highly curved membrane deformations that facilitate solute passage. Decreasing acyl chain length within a series of homologous fatty acids (or mixtures of fatty acids and their glycerol esters) also led to increased sugar protocell membrane results from the incorporation of environmentally supplied amphiphiles, whereas division may be driven by intrinsic or extrinsic physical forces. Externally supplied activated nucleotides permeate across the protocell membrane and act as substrates for the non-enzymatic copying of internal templates. Complete template replication followed by random segregation of the replicated genetic material leads to the formation of daughter protocells. permeability ( Fig. 2b and Supplementary Table 1) , presumably owing to the decreased stability of the ideal bilayer structure with respect to the formation of transient solute-lipid complexes.
To investigate further the idea that local membrane deformations are required for solute passage across the membrane, we asked whether increased packing disorder within the lipid bilayer would enhance permeability. Phospholipids with higher degrees of unsaturation yield more disordered, fluid membranes that are more permeable to water and small solutes 13 . We observed a fivefold increase in ribose permeability for vesicles composed of linoleic acid (C18:2) versus oleic acid (C18:1). Branched-chain amphiphiles such as the isoprenoid farnesol also increase the fluidity of phospholipid membranes 14 . Vesicles made from a 2:1 molar mixture of myristoleic acid and farnesol exhibited a ,17-fold increase in ribose permeability relative to pure myristoleic acid vesicles. Conversely, the higher packing density of saturated amphiphiles 13 should lead to increased membrane order and decreased solute permeability. As expected, the addition of lauric acid (C12:0) to myristoleic acid vesicles (2:1 myristoleic acid:lauric acid) resulted in a twofold decrease in ribose permeability (Fig. 2c) .
The above experiments show that solute permeability can be increased by decreasing acyl chain length, by increasing acyl chain unsaturation or branching, and by adding amphiphiles with larger head groups. The most prebiotically plausible amphiphiles are the short chain saturated fatty acids and their corresponding alcohols and glycerol esters [15] [16] [17] . To see whether shorter chain length could compensate for the loss of unsaturation, we tested membrane compositions based on the C10 amphiphiles decanoic acid and decanol (DOH) as well as the glycerol monoester of decanoate (GMD). Pure decanoic acid only forms stable vesicles at very high amphiphile concentrations ($100 mM), but the addition of decanol decreases the critical aggregate concentration to ,20 mM and increases the pH range over which vesicles are stable 3 . We found that the ribose permeability of 2:1 decanoate:decanol vesicles is very similar to that of myristoleic acid vesicles but is significantly less than that of myristoleic acid:GMM vesicles (Fig. 2d) . Based on the observations that amphiphiles with larger head groups lead to increased permeability, we replaced half of the decanol with glycerol mono-decanoate. The resulting vesicles exhibited a tenfold increase in ribose permeability (Fig. 2d) . It is particularly notable that improved permeability and stability are obtained with mixtures of amphiphiles, such as might be expected to be present in a chemically rich prebiotic environment. This is in marked contrast to the situation with nucleic acids, where homogeneous nucleotides are thought to be required for replication.
Vesicles with all of the above membrane compositions retained 100% of an encapsulated fluorescein-labelled dA 10 oligonucleotide indefinitely ( Supplementary Fig. 6 ). In addition, all membrane compositions retained the previously observed 3-10-fold faster permeation of ribose compared to its diastereomers arabinose, lyxose and xylose (Supplementary Table 1 ). These observations show that our permeability measurements do not reflect leakage of encapsulated materials caused by vesicle rupture or the formation of large nonselective pores.
Having established that membranes composed of prebiotically plausible amphiphilic molecules have high permeabilities to simple sugars, we asked whether such membranes would allow the uptake of nucleotide nutrients by a simple model protocell. We measured nucleotide permeation by encapsulating nucleotides within vesicles and then determining the fraction of the encapsulated nucleotide that had leaked out of the vesicles at various times. Because charge has such a dominant effect in restricting solute permeation through membranes, we first examined the effect of nucleotide charge on permeation through myristoleic acid:GMM (2:1) membranes. We observed negligible leakage of AMP, ADP or ATP (with 2, 3 and 4 negative charges at pH 8.5, respectively) over 24 h in the absence of Mg 21 , suggesting that these molecules were either too large or too highly charged to cross the membrane. We did observe slow permeation of AMP and ADP in the presence of 3 mM Mg 21 ( Fig. 3a) , as expected from the formation of complexes of reduced net charge 18 . The impermeability of ATP argues against a role for NTPs in very early forms of cellular life dependent on externally synthesized activated nucleotides; instead, NTPs may be a later evolutionary adaptation that prevents the leakage of internally synthesized activated nucleotides 19 . The above results highlight the importance of reducing the net charge of nucleotides to enhance membrane permeability. Imidazole-activated nucleotides have been used as convenient models of prebiotic activated nucleotides in studies of both spontaneous and templated polymerization reactions [20] [21] [22] [23] . In addition to their higher intrinsic chemical reactivity compared to NTPs, these activated nucleotides are less polar and bear only a single negative charge at a neutral to moderately alkaline pH. We therefore measured the permeabilities of a series of adenosine nucleotides and their corresponding phosphorimidazolides, using both myristoleic acid:GMM (2:1) and C10 membranes (4:1:1 decanoic acid:DOH:GMD; Fig. 3b-d) . The half-time for equilibration of nucleoside phosphorimidazolides using 100-nm vesicles was approximately 12 h. The effects of membrane composition on the permeability of nucleoside phosphorimidazolides were essentially parallel to our results for sugar permeability-pure myristoleic acid vesicles were less permeable to nucleotides than myristoleic acid:GMM (2:1) vesicles, whereas farnesol led to an even greater enhancement of permeability ( Supplementary Fig. 4) . Similarly, the permeability of decanoic acid:DOH membranes was enhanced by the addition of GMD (Fig. 3d) .
Our permeability data are consistent with a transport model in which polar functional groups of solute molecules initially interact with one or more amphiphile head groups with displacement of bound water molecules ( Supplementary Fig. 5 ), whereas non-polar regions of the solute may interact with the hydrophobic acyl chains of the amphiphiles 24 . Formation of this relatively non-specific amphiphile-solute complex is followed by a concerted inversion of the complex across the membrane. Lipids with large head groups could increase solute permeation by providing more opportunity for solute LETTERS interaction, by favouring high local curvature and by decreasing the cohesive interactions between adjacent acyl chains and thereby facilitating amphiphile flip-flop. This model is similar to the previously proposed carrier model for the spontaneous transport of monovalent ions across fatty acid 25 and phospholipid membranes 26 . Encouraged by the observed permeability of activated nucleotides, we asked whether such nucleotides added to the outside of a model protocell could diffuse to the inside and engage in template-copying reactions in the vesicle interior. Although no sequence-general means for the non-enzymatic replication of a genetic polymer has yet been found, we have identified a system that exhibits remarkably rapid and efficient non-enzymatic copying of an oligo-dC DNA template ( Supplementary Fig. 7 ). We used this system to model the spontaneous chemical replication of genetic material within a protocell. In brief, a DNA primer bearing a single 39-amino-nucleotide at its 39 terminus 27 was annealed to a DNA oligonucleotide consisting of a primer-binding region and a (dC) 15 template region. After the addition of 29-amino, 29-39-dideoxyguanosine 59-phosphorimidazolide, the primer was extended by the template-directed synthesis of 29-phosphoramidate-linked DNA. Both 39-and 29-amino nucleotides polymerized much more rapidly than similarly activated riboor deoxyribo-nucleotides owing to the presence of the more nucleophilic amino group 23 . In solution, primer-extension across a (dC) 15 template in the presence of 5 mM activated 29-amino-guanosine is essentially complete within 6 h (Fig. 4a) . The principal product is full-length extended primer.
We used the reaction described previously to test the chemical and physical compatibility of template-directed copying with the integrity of fatty-acid-based vesicles. We examined the same templatecopying reaction inside two sets of vesicles: the robust laboratory model system consisting of myristoleic acid:GMM (2:1) vesicles, and the more prebiotically plausible decanoic acid:DOH:GMD (4:1:1) vesicles. Vesicles containing encapsulated primer-template were purified to remove unencapsulated primer-template. We added 5 mM activated 29-amino-guanosine to initiate template copying, removed aliquots at intervals, and again purified the vesicles to remove traces of primer-template that might have leaked out of the vesicles. The absence of measurable leakage of oligonucleotides from the vesicles shows that the activated nucleotides do not disrupt vesicle structure. Analysis of the reaction products showed significant primer-extension by 3 h, with full-length product continuing to accumulate until 24 h, at which point the vesicle reactions had reached a level of full-length product comparable to that seen in the solution reactions (Fig. 4) . Thus, myristoleic acid:GMM or decanoic acid:DOH:GMD membranes slow the interaction between the primer-template and activated nucleotides, but are nevertheless compatible with template-copying chemistry in the vesicle interior. As expected, a similar experiment using myristoleic acid:farnesol (2:1) vesicles also showed efficient copying of encapsulated template (Fig. 4c) . In contrast, phospholipid vesicles showed no detectable primer extension after the addition of activated nucleotide to the vesicle exterior (Fig. 4d) .
The results described above bear directly on the two current contrasting views of the nature of protocells: the autotrophic and heterotrophic models [28] [29] [30] . The autotrophic or 'metabolism first' model is based on the idea that autocatalytic reaction networks evolved in a spatially localized manner to generate in situ the building blocks required for cellular replication. Our results argue that early protocells with fatty-acid-based membranes could not have been autotrophs, because internally generated metabolites would leak out. In contrast, the heterotrophic model posits the emergence of very simple cellular structures within a complex environment that provides external sources of nutrients and energy. Although both models must overcome numerous conceptual difficulties related to the origin of complex molecular building blocks, the heterotrophic model was thought to face the additional difficulty of importing polar and even charged molecules across a bilayer lipid membrane. We have shown that fatty-acid-based membranes allow a simple protocell to acquire critical nutrients, while retaining polymerized nucleic acids indefinitely. Our results therefore support the idea that extremely simple heterotrophic protocells could have emerged within a prebiotic environment rich in complex nutrients.
METHODS SUMMARY
Sugar permeability. Vesicles were prepared with 10 mM encapsulated calcein in either 0.1 M POPSO (piperazine-1,4-bis(2-hydroxypropanesulfonic acid) dihydrate) and 3 mM EDTA (pH 8.2) or 0.1 M POPSO and 3 mM MgCl 2 (pH 8.2). Final sugar concentrations were either 0.5 M or 0.1 M. Permeability was measured by the shrink-swell assay 11 on an Applied Photophysics SX.18MV-R stopped-flow spectrometer at 23 uC. Nucleotide permeability. Nucleotide permeability measurements were in 0.2 M sodium bicine (pH 8.5) at 23 uC and measured either by monitoring the leakage of entrapped nucleotide by radioactivity or by ultraviolet absorption. Separation of vesicle-entrapped and -released nucleotide was by gel filtration. Primer extension reactions. Reactions contained 0.1 mM 32 P-labelled 39-aminoterminated primer, 0.5 mM template DNA, 100 mM 1-(2-hydroxyethyl)-imidazole and 200 mM sodium bicine (pH 8.5). Reactions were initiated by the addition of 5 mM 29-amino-29,39-dideoxyguanosine-59-phosphorimidazolide and incubated at 4 uC. Samples were analysed by electrophoresis on a denaturing 17% polyacrylamide gel. Reaction products were visualized using a Typhoon 9410 PhosphorImager.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
